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MASS SENSOR 
CROSS-REFERENCE TO RELATED 
APPLICATIONS 
This application is claims priority to U.S. Provisional 
Application Ser. No. 61/210,899, having an official filing date 
of Mar. 24, 2009. The above application is incorporated 
herein by reference in its entirety. 
STATEMENT AS TO FEDERALLY SPONSORED 
RESEARCH 
This invention was made with government Support under 
Grant No. NSF-ECCS-0824920 and NSF-ECCS-0846329 
awarded by NSF. The government has certain rights in the 
invention. 
TECHNICAL FIELD 
This subject matter is generally related to mass sensors. 
BACKGROUND 
It is useful to be able to determine the mass of small 
particles or molecules. For example, by measuring the mass 
of a bio-molecule, one may be able to determine the type of 
the bio-molecule being tested. Mass sensors that are sensitive 
to Small quantities of materials are useful in, for example, gas 
chromatography or mass spectrometry. There are many types 
of mass sensors that can determine the mass of Small par 
ticles. For example, one type of mass sensor is the quartz 
crystal microbalance sensor, which uses a thin crystalline 
quartz disc placed between two electrodes. Another type of 
mass sensor is the microcantilever-based sensor that has sev 
eral silicon nanowire-grown cantilevers. Yet another type of 
mass sensor is the Surface acoustic wave sensor, which uses 
perturbations in Surface acoustic waves to determine mass. 
SUMMARY 
In general, in one aspect, a method of determining a mass 
of a particle is provided. The method includes providing a 
mass sensor having a plurality of nanostructures on a Sub 
strate, irradiating the nanostructures and the Substrate with an 
electromagnetic wave to determine a first mechanical-elec 
tromagnetic resonant frequency of the mass sensor, attaching 
a particle to the nanostructures, irradiating the Substrate and 
the nanostructures to which the particle is attached with an 
electromagnetic wave to determine a second mechanical 
electromagnetic resonant frequency of the mass sensor, and 
determining a mass of the particle based on a difference 
between the first and second mechanical-electromagnetic 
resonant frequencies. 
Implementations may include one or more of the following 
features. The nanostructures can include nanocoil structures. 
The nanostructures can include chiral nanostructures. The 
nanostructures can include metal nanostructures, and the Sub 
strate can include a semiconductor Substrate. The electromag 
netic wave can have a frequency that matches the mechanical 
electromagnetic resonant frequency of the nanostructures. 
The nanostructures can have a mechanical eigenresonance 
that measurably influence an electromagnetic eigenreso 
nance of the mass sensor, the influence of the mechanical 
eigenresonance on the electromagnetic eigenresonance being 
measurable based on measurements of properties of the elec 
tromagnetic wave that is transmitted through or reflected 
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from the mass sensor. Determining the mass can include 
comparing the difference between the first and second 
mechanical-electromagnetic resonant frequencies with infor 
mation representing a mapping between changes in mechani 
cal-electromagnetic resonant frequencies and mass. The 
method can include detecting electromagnetic waves that are 
reflected from or transmitted through the nano structures, and 
determining the first and second mechanical-electromagnetic 
resonant frequencies based on the detected electromagnetic 
waves. Attaching a particle can include selectively capturing 
a particle that belongs to a type of particles that match a shape 
of the nanostructures. 
In general, in another aspect, an apparatus including a mass 
sensor is provided. The mass sensor includes a Substrate and 
a plurality of nanostructures attached to the substrate. The 
nanostructures have a mechanical resonant frequency that 
varies depending on a mass of an object coupled to the nano 
structures, the nanostructures and the Substrate having a 
mechanical-electromagnetic resonant frequency Such that a 
resonance occurs when the nanostructures and the Substrate 
are irradiated by an electromagnetic wave having a frequency 
Substantially equal to the mechanical-electromagnetic reso 
nant frequency. The nanostructures and the Substrate are con 
figured such that changes in the mechanical-electromagnetic 
resonant frequencies correspond to the mass of the object 
according to a predetermined mapping between changes in 
mechanical-electromagnetic resonant frequencies and mass. 
Implementations may include one or more of the following 
features. The nanostructures can include nanocoil structures. 
The nanostructures can be configures such that at least 10% of 
the nanostructures each includes a nanowire having a diam 
eter less than 500 nm. The nanostructures can include chiral 
nanostructures. The nanostructures and the Substrate can have 
dimensions and materials configured Such that the mechani 
cal-electromagnetic resonant frequency of the mass sensor is 
in a range from 0.1 to 20.5 terahertz, the mechanical-electro 
magnetic resonant frequency being adjustable depending on a 
bias Voltage applied to the Substrate. The nanostructures can 
be made of metal, and the Substrate can be made of a semi 
conductor. The plurality of nanostructures can include a first 
group of nanostructures and a second group of nanostruc 
tures, the first group of nanostructures having a first lateral 
spacing period, the second group of nanostructures having a 
second lateral spacing period that is different from the first 
lateral spacing period. The apparatus can include a first elec 
trode and a second electrode to receive a bias Voltage, the first 
and second electrodes being coupled to the Substrate to pro 
vide the bias voltage to the substrate. The nanostructures can 
have shapes configured to selectively capture a predeter 
mined type of objects. The nanostructures can be treated to 
have functional attachments that are configured to selectively 
capture a predetermined type of objects. The functional 
attachments can include peptides. 
In general, in another aspect, a system for measuring a 
mass of an object is provided. The system includes a mass 
sensor, an analyzer, and a data processor. The mass sensor 
includes a Substrate and a plurality of nanostructures attached 
to the Substrate. The analyzer determines a mechanical-elec 
tromagnetic resonant frequency of the mass sensor. The data 
processor determines a mass of an object attached to the nano 
structures based on a difference between a first mechanical 
electromagnetic resonant frequency of the mass sensor mea 
sured before the object is attached to the nano structures and 
a second mechanical-electromagnetic resonant frequency of 
the mass sensor measured after the object is attached to the 
nano Structures. 
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Implementations may include one or more of the following 
features. The nanostructures can include nanocoil structures. 
The nanostructures can include chiral nanostructures. The 
nanostructures can include metal, and the Substrate can 
include a semiconductor. The analyzer can include an ellip 
Someter. The system can include a Voltage source to provide 
a bias Voltage to the Substrate, and a controller to control the 
Voltage source to adjust the bias Voltage to change the 
mechanical-electromagnetic resonant frequency of the mass 
sensor. The nanostructures and the Substrate can have dimen 
sions and materials configured Such that a mechanical eigen 
resonance of the nanostructures couples with an electromag 
netic eigenresonance of the mass sensor, and the coupled 
mechanical-electromagnetic resonant frequency matches a 
frequency range of the analyzer, which uses electromagnetic 
waves to determine the mechanical-electromagnetic eigen 
resonance of the mass sensor. The system can include a stor 
age to store information representing a mapping between 
changes in the mechanical-electromagnetic resonant fre 
quency and mass. The nanostructures can have shapes con 
figured to selectively capture a predetermined type of objects. 
The nanostructures can be treated to have functional attach 
ments that are configured to selectively capture a predeter 
mined type of objects. The plurality of nanostructures can 
include a first group of nanostructures and a second group of 
nanostructures, the first group of nanostructures having a first 
lateral spacing period, the second group of nanostructures 
having a second lateral spacing period that is different from 
the first lateral spacing period. The mass of the object can be 
determined based on a first difference in mechanical-electro 
magnetic resonant frequencies in a first region of the mass 
sensor having the first group of nanostructures and a second 
difference in mechanical-electromagnetic resonant frequen 
cies in a second region of the mass sensor having the second 
group of nanostructures. 
These features allow a user to measure the mass of Small 
molecules in a cost efficient manner. 
DESCRIPTION OF DRAWINGS 
FIG. 1 is a diagram of an example mass sensing system. 
FIGS. 2A and 2B are surface and cross-section scanning 
electron microscopy (SEM) images, respectively, of an alu 
minum plate-like sculptured thin film deposited on 100 
p-type silicon. 
FIGS. 2C and 2D are surface and cross-section scanning 
electron microscopy images, respectively, of an aluminum 
screw-like sculptured thin film deposited on 100 p-type 
silicon. 
FIG.3A shows the optical response of the plate-like sculp 
tured thin film of FIGS. 2A and 2B. 
FIG. 3B shows the optical responses of the screw-like 
sculptured thin film of FIGS. 2C and 2D. 
FIG. 4A is a side view scanning electron microscopy of 
chiral nanostructures that have hollow cores. 
FIG. 4B is a top view scanning electron microscopy image 
of chiral nanostructures that have closed cores. 
FIG.4C is a side view scanning electron microscopy image 
of achiral nanostructures, including slanted posts. 
FIG. 4D is a top view scanning electron microscopy image 
of vertical posts. 
FIG. 5 is a diagram of a process for providing functional 
attachments to nanostructures. 
FIG. 6 is a flow diagram of an example process for mea 
Suring the mass of an object. 
DETAILED DESCRIPTION 
This disclosure relates to a mass sensor having nanostruc 
tures deposited on a Substrate. The sensor has a mechanical 
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electromagnetic resonant frequency that changes in response 
to attachment of an object. The mass of the object can be 
determined based on the amount of change in the resonant 
frequency. The resonant frequency can range from, for 
example, 0.1 to 20terahertz, and the sensor can be sensitive to 
Small particles, for example, bio-molecules, drug molecules, 
short DNA sequences, and short RNA sequences. 
Referring to FIG. 1, in some implementations, a mass 
sensing system 100 for determining a mass of a small object 
includes a mass sensor 102, an ellipsometer 104, and a data 
processing module 106. The mass sensor 102 includes a sub 
strate 108 on which a sculptured thin film 110 is formed. The 
sculptured thin film 110 includes nanostructures 112 that can 
be, for example, columns, spirals, screws, or Zig-Zag struc 
tures. The nanostructures 112 can be chiral (Such as nano 
coils) or achiral (such as posts). A power source 120 provides 
a bias voltage to the substrate 108. 
The nanostructures have elasticity and can deform when a 
force is applied to the nanostructures. For example, the nano 
structures may be compressed and uncompressed, similar to a 
spring, or bent and unbent, similar to a flexible rod. The 
nanostructures may have mechanical (vibrational) reso 
nances at particular frequencies, referred to as the mechanical 
resonant frequencies or mechanical eigenfrequencies. 
The mechanical resonant frequency of a nanocoil can be 
approximated using the formula below, which are similar to 
formulas used to determine the resonant frequencies of a 
Spring: 
F. D Gri (tonech F 3n 4R3 in 
In Equation 1 above, cool, is the mechanical resonant fre 
quency, m is the mass of the nanocoil, G is the torsion module 
constant, ris the inner radius, R is the outer radius, and n is the 
number of turns. In some examples, the mechanical reso 
nance frequencies can range from 0.1THz to 0.5 THz. 
The mass sensor 102 may exhibit resonance when irradi 
ated with electromagnetic waves having a particular fre 
quency. Without being limited by any theory presented 
herein, the sculptured thin film 110 and the substrate 108 may 
be modeled as an inductor-capacitor (LC) resonant circuit 
that reacts to electromagnetic waves. The frequencies at 
which the mass sensor 102 exhibits resonance when irradi 
ated with electromagnetic waves are referred to as the elec 
tromagnetic resonant frequencies or electromagnetic eigen 
frequencies of the mass sensor 102. In some examples, the 
sculptured thin film 110 and the substrate 108 are configured 
Such that the resonance occurs in the infrared range, which is 
within the range of light beams that can be generated and 
measured by the ellipsometer 104. 
The electromagnetic resonant frequency of the mass sensor 
102 that uses nanocoils can be approximated using the for 
mulas below: 
(Equation 1) 
1 L = HonA, C(U) = &o&Ac (Equation 2) 
LC d(U) (OOEM F 
where coole is the electromagnetic resonant frequency, L is 
the coil inductivity, C is the depletion layer capacitance, n is 
the number of turns in the nanocoil, Lo and 6 are the vacuum 
permittivity and permeability, 1 is the length of the coil, A is 
the nanowire cross section area of the coil, A, is the footprint 
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(cross section area) of the coil, e is the host material dielectric 
constant, and d(U) is the depletion layer width. The deple 
tion layer width d(U) may be changed by adjusting the diode 
bias voltage provided by the power source 120. In some 
examples, the electromagnetic resonant frequencies can 
range from 0.1THz to 20 THz. 
Similar to photon-phonon coupling in bulk materials, the 
mechanical resonance and the electromagnetic resonance of 
the mass sensor 102 may be coupled Such that the mass sensor 
102 shows mechanical-electromagnetic resonance frequen 
cies at (Doc. too, which may occur in the range between, 
for example, 0.5 THz to 20.5 THz. The mechanical-electro 
magnetic resonant frequencies can be measured by the ellip 
Someter 104. The ranges of the mechanical resonant frequen 
cies, the electromagnetic resonant frequencies, and the 
coupled mechanical-electromagnetic resonant frequencies 
are not limited to those described above and can vary depend 
ing on the configurations of the nanostructures and Substrate 
(for example, the dimensions and shapes of the nanostruc 
tures), and the bias Voltage applied to the Substrate. 
The ellipsometer 104 includes a light source 122 that gen 
erates a light beam 124, which passes a first polarizer 126 to 
form a polarized light beam 128. The light beam 128 is 
directed towards the surface of the mass sensor 102, and the 
light beam 130 reflected from the mass sensor 102 passes a 
second polarizer 132 before reaching a detector 134. The 
detected light beam is analyzed to determine the optical prop 
erties (such as the resonant frequency) of the mass sensor 102. 
When an object is attached to the nanostructure 112, both 
the mechanical and electromagnetic resonance frequencies 
may change (in most cases, be reduced), but the change in 
mechanical resonance frequency is much larger than the 
change in electromagnetic resonance frequency. The amount 
of reduction in the resonant frequency may be indicative of 
the mass of the object. 
The nanostructures are configured to have a mechanical 
eigenresonance that measurably influence an electromag 
netic eigenresonance of the mass sensor. The influence of the 
mechanical eigenresonance on the electromagnetic eigen 
resonance can be measured based on complex measurements 
(e.g., measurements of amplitude and phase) of electromag 
netic waves transmitted through or reflected from the mass 
sensor. The electromagnetic waves can have normal or 
oblique incidence. 
In general, as the size of the nanostructure 112 increases, 
the mechanical resonant frequency decreases, and the elec 
tromagnetic resonant frequency increases. The coupling of 
the mechanical eigenresonance and the electromagnetic 
eigenresonance occurs when the two eigenresonances are 
within, for example, two or three orders of magnitude. In 
designing the nanostructures 112, one can start with Equa 
tions 1 and 2 and select parameters for the nanostructures 112 
Such that cool, is within two or three orders of magnitude of 
coole. The parameters can be adjusted such that there is a 
measurable difference in the coupled mechanical-electro 
magnetic resonant frequencies before and after attachment of 
an object to be measured. 
The design of the nanostructures may depend on the sen 
sitivity required for the mass sensor. For example, a mass 
sensor that is used to detect an object having a smaller mass 
may be configured differently compared to a mass sensor that 
is used to detect an object having a larger mass. 
In some examples, the system 100 is calibrated by analyz 
ing objects with known mass and measuring the changes in 
resonant frequency of the mass sensor 102 before and after 
the objects with known mass are attached to the mass sensors 
102. A table having information that maps changes in the 
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mechanical-electromagnetic resonant frequency to mass is 
established and stored as calibration data 114. 
When a new object is analyzed, the mechanical-electro 
magnetic resonant frequencies of the mass sensor 102 before 
and after attachment of the object is measured by the ellip 
Someter 104, and a data processor 116 determines the change 
in the mechanical-electromagnetic resonant frequency. The 
data processor 116 compares the change in mechanical-elec 
tromagnetic resonant frequency with the calibration data 114 
to determine the mass of the object. 
A user interface 118 is provided for interacting with a user, 
including receiving commands and outputting the mass of the 
measured object. The data processing module 106 may 
include a storage 136 to store instruction code that is executed 
by the data processor 116 to perform the various tasks 
described here. 
An advantage of the mass sensor 102 is that it can measure 
minute mass quantities. For example, the mass sensor 102 can 
be used as a biosensor for sensing various types of biomol 
ecules. Another advantage is that the mass sensor 102 allows 
Small amounts of materials to be probed using light, and can 
be used with ellipsometers of many different makes and mod 
els. 
In some implementations, the nanostructures 112 can be 
generated in a self-organized growth process by using glanc 
ing angle deposition (GLAD)accompanied with a controlled 
substrate motion. For example, the substrate 108 can be 
rotated continuously to form nanocoils. Sculptured thin films 
with tailored designs can be grown from a broad variety of 
different materials (semiconductors, insulators, dielectrics, 
and metals) by using physical vapor deposition methods. 
Glancing angle deposition is a method to generate three 
dimensional (3D) chiral nanostructures from a concurrent 
growth mechanism due to geometrical shadowing in combi 
nation with kinetic limitation for surface adatoms. This tech 
nique uses a particle flux reaching the Substrate under an 
oblique angle of incidence (for example, greater than 80°). 
These conditions Support a columnar growth, and the instan 
taneous change of the growth direction due to a simple varia 
tion of the incident vapor flux (by substrate rotation) allows 
for the fabrication of 3D nanostructures with manifold mor 
phologies. 
Some description of the principles of sculptured thin film 
preparation by glancing angle deposition can be found in 
"Uniaxial magnetic anisotropy in cobalt films induced by 
oblique deposition of an ultrathin cobalt underlayer” by M.T. 
Umlor, Appl. Phys. Lett. 87, 082505 (2005). 
Glancing angle deposition sculptured thin film can be pre 
pared using, for example, semiconducting or insulating mate 
rials, such as silicon, silicon dioxide, TiO. Metal (for 
example, Co, Cu, W. Al) nanorods, whiskers, and nanopillars 
can also be grown using glancing angle deposition. Sculp 
tured thin films from metal with morphologies that render 
chiral structures can also be grown using glancing angle 
deposition. Metal nanostructure sculptured thin films with 
chiral geometries may have optical effects due to the coupling 
between magnetic and electric fields. Electric field-driven 
charge currents along, for example, the cork Screw path of a 
screw-like nanostructure may produce local magnetic field 
effects and vice versa. 
In some implementations, the growth conditions can be 
chosen such that geometries and dimensions of Screw-like 
building blocks are suitable for the electromagnetic eigen 
resonances within the terahertz and infrared spectral range. In 
Some implementations, the sculptured thin film can include 
an array of Sub-wavelength metallic thin film double-ring 
resonators, and the Substrate can be a doped semiconductor 
US 8,441,635 B2 
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substrate. The substrate-film structure reveals diode charac 
teristics for transverse electric currents. The junction region 
within the Substrate acts as a capacitance that can be tuned by 
an appropriate bias potential. 
In some implementations, the nanostructures 112 are chiral 
aluminum nanowires, and the Substrate 108 is a p-type silicon 
substrate. The mass sensor 102 has resonance at infrared 
wavelengths. The aluminum nanowires are grown on the sili 
con Substrate using glancing angle deposition, and the nano 
structure shape can be varied by, for example, applying a 
clockwise Substrate rotation yielding to chiral aluminum 
nanoscrews. The screw-like Sculptured thin film, when ana 
lyzed using infrared spectroscopic ellipsometry (IRSE), may 
show equidistant resonance features. For example, the mass 
sensor 102 may show a series of equidistant resonances sepa 
rated by the energy equivalent of about 7.5 terahertz. 
In Some implementations, the mass sensor 102 can include 
two or more substrates 108, in which the same nanostructures 
112 are attached to the substrates 108, but the lateral spacing 
periods of the nanostructures are different for different sub 
strates 108. Particles having the same mass but different sizes 
may affect the resonant frequency differently. For example, 
Smaller denserparticles may strongly affect fewer nanostruc 
tures, causing a larger shift in resonant frequency from the 
nanostructures affected and no shift in resonance from the 
unaffected nanostructures. By comparison, larger and less 
dense particles may affect more nanostructures, causing a 
Smaller shift in resonant frequency in a larger number of 
affected nanostructures. 
In some examples, the two or more Substrates having vari 
ous lateral spacing of the same nanostructures are used to 
detect objects of the same type (e.g., each of the substrates 
captures the same DNA or RNA segment), and the measure 
ments of changes in resonant frequencies are performed on 
the two or more substrates. The measurements on different 
Substrates can be performed sequentially or in parallel (e.g., 
using multiple probe beams). For larger molecules, each mol 
ecule may contact a larger number of nanostructures, there is 
a larger difference in the number of nanostructures affected 
by the molecule among different Substrates, so one may 
detect different resonant frequency shifts among the different 
Substrates. For Smaller molecules, because each molecule 
contacts a smaller number of nanostructures, the difference in 
the resonant frequency shifts among the different Substrates 
may be Smaller or insignificant. 
A calibration of the system 100 may be performed such that 
the resonant frequency shifts are measured for different mol 
ecules having the same (or similar) mass but different densi 
ties (and thus different sizes). The calibration data 114 may 
include information about resonant frequency shifts for vari 
ous mass, and for various sizes that correspond to a given 
mass. When measurements of a molecule (or other objects) 
with an unknown mass are compared to the calibration data 
114, interpolation and extrapolation may be performed if 
there is no exact match between the measurement data and the 
calibration data 114. 
Instead of using a mass sensor having several Substrates, it 
is possible to use a single Substrate having various regions in 
which different regions have nanostructures with different 
lateral spacing periods. It is also possible to use a set of mass 
sensors, each mass sensor having one Substrate, and different 
mass sensors in the set have nanostructures with different 
lateral spacing periods. 
FIGS. 2A to 2D are scanning electron microscopy images 
of aluminum sculptured thin films deposited on 100 p-type 
silicon. FIG. 2A is a Surface scanning electron microscopy 
image 140 of an aluminum plate-like sculptured thin film 142 
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deposited on 100 p-type Si. FIG. 2B is a cross-section 
scanning electron microscopy image 144 of an aluminum 
plate-like sculptured thin film 142 deposited on 100 p-type 
silicon. FIG. 2C is a Surface Scanning electron microscopy 
image 146 of an aluminum screw-like Sculptured thin film 
148 deposited on 100 p-type silicon. FIG. 2D is a cross 
section scanning electron microscopy image 150 of an alu 
minum screw-like sculptured thin film 148 deposited on 100 
p-type silicon. 
The optical responses of both samples were measured by 
infrared spectroscopic ellipsometry in the spectral region 
from a frequency () of about 130 cm to about 2500 cm 
(v=5 THz to v=75 THz). Spectroscopic ellipsometry can be 
used to determine the dielectric functions and thickness of 
films within layered samples. Spectroscopic ellipsometry 
measures the change of polarization upon reflection (or trans 
mission), which can be described by the complex reflectance 
ratio p by p=r/r-tan I exp iA, in which r, and r, are the 
reflection coefficients for light polarized parallel (p) and per 
pendicular (s) to the plane of incidence, respectively, and I 
and A are the ellipsometry parameters. Spectroscopic ellip 
Sometry spectra are analyzed by a model lineshape analysis 
that takes into account of the layered structures of a given 
sample. Physical model lineshape functions can be imple 
mented to best-match the frequency dependence of the under 
lying dielectric function of the materials involved. Here, for 
simplicity of analyses, the optical response is assumed to be 
caused by a homogeneous film of thickness d. 
FIG.3A is a graph 160 showing an optical response 162 of 
the plate-like sculptured thin film 142 of FIGS. 2A and 2B, as 
measured by infrared spectroscopic ellipsometry. 
FIG. 3B is a graph 170 showing an optical response 172 of 
the screw-like sculptured thin film 148 of FIGS. 2C and 2D, 
also measured by infrared spectroscopic ellipsometry. In the 
figures, only the I spectra are shown. 
As can be seen in FIG. 3A, the plate-like sculptured thin 
film 142 resembles the behavior of a homogeneous optically 
opaque metal film, where absorption due to free electrons 
causes a rather flat slope. The so-called two-phase (Substrate 
ambient) model is sufficient to calculate the infrared spectro 
scopic ellipsometry data, where the dielectric function of the 
metal sculptured thin film is parameterized using the classical 
Drude model. The best-match specific resistivity of 
p=10.9x10 G2cm, and a mean free scattering time of 
t=1.0 fs describes the infrared optical behavior of the 
plate-like film well (see solid line in FIG. 3A). No further 
model parameters are required. The Drude parameters 
obtained for this plate-like aluminum sculptured thin film 
indicate a lower conductivity and shorter electron average 
mean free scattering time due to the nanoporosity of the 
sculptured thin film sample than for bulk aluminum (p=0.29x10 G2cm, and to 6.7 fs). 
As shown in FIG. 3B, the screw-like sculptured thin film 
148 infrared spectroscopic ellipsometry sample response is 
different from the plate-like sample 142. The infrared spec 
troscopic ellipsometry data shown in FIG. 3B are comparable 
to a dielectric thin film with spectrally varying absorption 
features, such as lattice modes in amorphous or polycrystal 
line semiconductors deposited on a silicon Substrate. There 
are apparently equidistant resonance features with a spectral 
separation Av equal to about 7.5 THz, which are indicated by 
the vertical dashed lines in FIG. 3B. The Solid line in FIG. 3B 
represents the best-match calculated infrared spectroscopic 
ellipsometry data using three-phase (Substrate-film-ambient) 
model approach. The optical properties (dielectric function) 
for the screw-like sculptured thin film sample were modeled 
US 8,441,635 B2 
using sums of Lorentzian oscillators with resonance frequen 
cies to account for each of the resonance feature seen in FIG. 
3B. 
Without being bound by any theory presented herein, the 
equally separated resonance series for the screw-like sculp 
tured thin film may originate from coupled (overtone) induc 
tance-capacitance (LC) resonances within the aluminum 
nanoscrew network, where each turn of the coils acts as an 
inductance (L component). The p-type silicon Substrate forms 
a Schottky-barrier capacitor, and each nanocoil is connected 
to a capacitor area (C component). The appearance of over 
tones may be due to non-linear coupling effects, or due to 
laterally contacted individual coils. 
Occurrence of higher order harmonics of resonant charg 
ing and discharging of the Schottky diode depletion region 
may also be a possible explanation for the occurrence of 
equally separated resonance series. The LC resonance circuit 
frequency cool is inversely proportional to the coil induc 
tivity Land the depletion layer capacitance C, as described in 
Equation 2 above. 
Table 1 below shows calculated loss-free electromagnetic 
resonance circuit frequencies v for a chiral (hollow metal 
coil) sculptured thin film resonator structure with different 
dimensions. The coil is attached to the Surface of a p-type 
silicon substrate to form a Schottky diode with a depletion 
layer d. 
TABLE 1. 
A. d L C w 
(cm) (Lm) l (nm) (Vs/A) (AS/V) (THz) 
4 x 100 2.5 10 100 8 x 1012 3.5 x 108 29 
10 3.5 x 107 9 
5 7.0x 107 6.7 
1.25 5 10 1 x 1012 3.5 x 107 27 
5 1 x 1012 7.0 x 107 19 
The shapes of the nanostructures 112 can be configured to 
selectively capture certain types of compounds or molecules, 
Such as certain nucleotides, proteins, or drug molecules. This 
allows the mass sensor 102 to monitor the existence of certain 
compounds or molecules. For example, the mass sensor 102 
can be used to detect certain toxins. 
Referring to FIG. 4A, in some examples, the mass sensor 
102 can include chiral nanostructures have hollow cores 180. 
For example, the inner diameter of the chiral nanostructure 
can range from 2 to 200 nm, the length of the chiral nano 
structure can range from 5 to 5000 nm, and the spatial sepa 
ration period can range from 5 to 1000 nm. The attachment of 
the object to be measured can occur within nanostructures 
(i.e., in the hollow cores). 
Examples of objects that can be attached to the chiral 
nanostructures having hollow cores include the following: 
Single and double-helix, single-nucleotide unit up to 
15,000-nucleotide unit long unfolded deoxyribonucleic 
acid (DNA) polymers: 
Ribonucleic acid (RNA); 
Short (about 22 nucleotide) RNA sequences (microRNA); 
Few-hundreds nucleobases single-stranded RNA (vi 
roids); 
Left- or right-handed stereoisomeric molecules (entanti 
omers; control for Stereoisomeric composition of drug 
molecules pharmacokinetic evaluation) of sizes up to 
5000 nm length and 1000 nm diameter; and 
Helical protein shells of viruses (helical capsids). 
Referring to FIG. 4B, in some examples, the mass sensor 
102 can include chiral nanostructures have solid cores 182. 
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For example, the outer diameter of the chiral nanostructures 
have solid cores 182 can range from 5 to 500 nm, the length of 
the chiral nanostructures can range from 50 to 5000 nm, and 
the spatial separation period can range from 5 to 1000 nm. 
The attachment of the objects to be measured can occur 
between nanostructures. 
Examples of objects that can be attached to the chiral 
nanostructures having Solid cores include the following: 
Single and double-helix, single-nucleotide unit up to 
15,000-nucleotide unit long unfolded deoxyribonucleic 
acid (DNA) polymers: 
Ribonucleic acid (RNA); 
Short (about 22 nucleotide) RNA sequences (microRNA); 
Left- or right-handed Stereoisomeric molecules (pharma 
cokinetic evaluation) for sizes larger than 5000 nm 
length and 1000 nm diameter; and 
Helical protein shells of viruses (helical capsids). 
Referring to FIG. 4C, in some examples, the mass sensor 
102 can include achiral nanostructures, such as vertical posts 
and slanted posts 184. For example, the outer diameter of the 
achiral nanostructures can range from 5 to 500 nm, the length 
of the nanostructures can range from 50 to 5000 nm, and the 
spatial separation period can range from 5 to 1000 nm. The 
attachment of the objects to be measured can occur between 
the nanostructures. FIG. 4D is a top view scanning electron 
microscopy image of Vertical posts. 
Examples of objects that can be attached to the achiral 
nanostructures include the following: 
Viroids; 
Icosahedral protein shells of viruses (icosahedral capsids); 
Viruses; and 
Unicellular, prokaryote, microorganisms (bacteria). 
Referring to FIG. 5, in some implementations, the nano 
structures 112 can be treated to have functional attachments 
that are configured to selectively capture a predetermined 
type of objects. In step A, chiral nanostructures 112 are 
formed on a silicon wafer 108 by glancing angle deposition, 
resulting in a film of chiral nanostructures 112 as shown in 
step B. In step C, the surface of the mass sensor 102 is treated 
by hydroxylation 190 such that hydroxyl (OH) groups 192 are 
attached to the ends of the nanostructures 112. In step D, the 
mass sensor 102 is functionalized by applying a silanization 
treatment 194. In step E, functional attachments, such as 
peptides 198, are attached 196 to the terminals of the nano 
structures 112, resulting in the final product in step F. The 
chemical treatment sequence shown in FIG. 5 can be replaced 
by other treatment sequences. 
FIG. 6 is a flow diagram of example process 200 for mea 
Suring the mass of a small object. In process 200, a mass 
sensor having nanostructures on a Substrate is provided 202. 
For example, the mass sensor can be the mass sensor 102 of 
FIG. 1, the nanostructures can be the nanostructures 112, and 
the substrate can be the substrate 108. 
An electromagnetic wave is directed towards the mass 
sensor to determine a first mechanical-electromagnetic reso 
nant frequency of the mass sensor 204. For example, the 
ellipsometer 104 of FIG. 1 can be used to measure the first 
mechanical-electromagnetic resonant frequency of the mass 
sensor 102. 
An object is attached to the nanostructures 206. 
Another electromagnetic wave is directed toward the mass 
sensor with the object attached to determine a second 
mechanical-electromagnetic resonant frequency of the mass 
sensor 208. 
A mass of the object is determined based on a difference 
between the first and second mechanical-electromagnetic 
resonant frequencies 210. For example, the data processing 
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module 106 can determine the mass of the object based on the 
difference between the first and second mechanical-electro 
magnetic resonant frequencies. The data processor 116 can 
compare the difference between the first and second mechani 
cal-electromagnetic resonant frequencies with calibration 
data 114 to determine the mass of the object. 
Although some examples have been discussed above, other 
implementations and applications are also within the scope of 
the following claims. For example, the nanostructures 112 
can have shapes and sizes that are different from those 
described above. The substrate 108 can be made from a mate 
rial that is different from those described above. Electromag 
netic wave analyzers other than ellipsometers 104 can be used 
to measure the eigenresonances of the mass sensor 102. 
Rather than analyzing electromagnetic waves reflected from 
the surface of the mass sensor 102, it is also possible to 
analyze electromagnetic waves transmitted through the 
sculptured thin film 110 and the substrate 108 to determine 
changes in the resonant frequency of the mass sensor 102. 
The various examples and features described above related 
to data processing can be implemented in digital electronic 
circuitry, or in computer hardware, firmware, Software, or in 
combinations of them. The features can be implemented in a 
computer program product tangibly embodied in an informa 
tion carrier, e.g., in a machine-readable storage device or in a 
propagated signal, for execution by a programmable proces 
Sor, and method steps can be performed by a programmable 
processor executing a program of instructions to perform 
functions of the described implementations by operating on 
input data and generating output. 
The described features can be implemented advanta 
geously in one or more computer programs that are execut 
able on a programmable system including at least one pro 
grammable processor coupled to receive data and instructions 
from, and to transmit data and instructions to, a data storage 
system, at least one input device, and at least one output 
device. A computer program is a set of instructions that can be 
used, directly or indirectly, in a computer to perform a certain 
activity or bring about a certain result. A computer program 
can be written in any form of programming language (e.g., 
Objective-C, Java), including compiled or interpreted lan 
guages, and it can be deployed in any form, including as a 
stand-alone program or as a module, component, Subroutine, 
or other unit Suitable for use in a computing environment. 
Suitable processors for the execution of a program of 
instructions include, by way of example, both general and 
special purpose microprocessors, and the Sole processor or 
one of multiple processors or cores, of any kind of computer. 
Generally, a processor will receive instructions and data from 
a read-only memory or a random access memory or both. The 
essential elements of a computer area processor for executing 
instructions and one or more memories for storing instruc 
tions and data. Generally, a computer will also include, or be 
operatively coupled to communicate with, one or more mass 
storage devices for storing data files; Such devices include 
magnetic disks, such as internal hard disks and removable 
disks; magneto-optical disks; and optical disks. Storage 
devices Suitable for tangibly embodying computer program 
instructions and data include all forms of non-volatile 
memory, including by way of example semiconductor 
memory devices, such as EPROM, EEPROM, and flash 
memory devices; magnetic disks Such as internal hard disks 
and removable disks; magneto-optical disks; and CD-ROM 
and DVD-ROM disks. The processor and the memory can be 
Supplemented by, or incorporated in, ASICs (application 
specific integrated circuits). 
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What is claimed is: 
1. A method of determining a mass of a particle, the method 
comprising: 
providing a mass sensor having a plurality of nanostruc 
tures on a Substrate; 
irradiating the plurality of nanostructures and the Substrate 
with an electromagnetic wave to determine a first 
mechanical-electromagnetic resonant frequency of the 
mass sensor Such that a resonance occurs when the nano 
structures and the substrate are irradiated by an electro 
magnetic wave having a frequency Substantially equal to 
the first mechanical-electromagnetic resonant fre 
quency: 
attaching a particle to the nanostructures; 
irradiating the Substrate and the plurality of nanostructures 
to which the particle is attached with an electromagnetic 
wave to determine a second mechanical-electromag 
netic resonant frequency of the mass sensor; and 
determining a mass of the particle based on a difference 
between the first and second mechanical-electromag 
netic resonant frequencies. 
2. The method of claim 1 in which providing a plurality of 
nanostructures on a Substrate comprises providing a plurality 
of nanocoil structures on a Substrate. 
3. The method of claim 1 in which providing a plurality of 
nanostructures on a Substrate comprises providing a plurality 
of chiral nanostructures on a Substrate. 
4. The method of claim 1 in which providing a plurality of 
nanostructures on a Substrate comprises providing a plurality 
of metal nanostructures on a semiconductor Substrate. 
5. The method of claim 1 in which irradiating the plurality 
of nanostructures with an electromagnetic wave comprises 
irradiating the plurality of nanostructures with an electromag 
netic wave having a frequency that matches the mechanical 
electromagnetic resonant frequency of the nanostructures. 
6. The method of claim 5 in which providing a plurality of 
nanostructures comprises providing a plurality of nanostruc 
tures having a mechanical eigenresonance that measurably 
influence an electromagnetic eigenresonance of the mass sen 
Sor, the influence of the mechanical eigenresonance on the 
electromagnetic eigenresonance being measurable based on 
measurements of properties of the electromagnetic wave that 
is transmitted through or reflected from the mass sensor. 
7. The method of claim 1 in which determining a mass 
comprises comparing the difference between the first and 
second mechanical-electromagnetic resonant frequencies 
with information representing a mapping between changes in 
mechanical-electromagnetic resonant frequencies and mass. 
8. The method of claim 1, comprising detecting electro 
magnetic waves that are reflected from the nano structures, 
and determining the first and second mechanical-electromag 
netic resonant frequencies based on the detected electromag 
netic waves. 
9. The method of claim 1, comprising detecting electro 
magnetic waves that are transmitted from the nano structures, 
and determining the first and second mechanical-electromag 
netic resonant frequencies based on the detected electromag 
netic waves. 
10. The method of claim 1 in which attaching a particle 
comprises selectively capturing a particle that belongs to a 
type of particles that match a shape of the nanostructures. 
11. An apparatus comprising: 
a mass sensor comprising: 
a Substrate; and 
a plurality of nanostructures attached to the Substrate, 
the nanostructures having a mechanical resonant fre 
quency that varies depending on a mass of an object 
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coupled to the nanostructures, the nanostructures and 
the Substrate having a mechanical-electromagnetic 
resonant frequency Such that a resonance occurs when 
the nanostructures and the substrate are irradiated by 
an electromagnetic wave having a frequency Substan 
tially equal to the mechanical-electromagnetic reso 
nant frequency; 
wherein the plurality of nanostructures and the substrate 
are configured such that changes in the mechanical 
electromagnetic resonant frequencies correspond to 
the mass of the object according to a predetermined 
mapping between changes in mechanical-electro 
magnetic resonant frequencies and mass. 
12. The apparatus of claim 11 in which the nanostructures 
comprise nanocoil structures. 
13. The apparatus of claim 11 in which at least 10% of the 
nanostructures each comprises a nanowire having a diameter 
less than 500 nm. 
14. The apparatus of claim 11 in which the nanostructures 
comprise chiral nanostructures. 
15. The apparatus of claim 11 in which the nanostructures 
and the Substrate have dimensions and materials configured 
Such that the mechanical-electromagnetic resonant frequency 
of the mass sensor is in a range from 0.1 to 20.5 terahertz, the 
mechanical-electromagnetic resonant frequency being 
adjustable depending on a bias Voltage applied to the Sub 
Strate. 
16. The apparatus of claim 11 in which the nanostructures 
comprise metal, and the Substrate comprises a semiconductor. 
17. The apparatus of claim 11 in which the plurality of 
nanostructures comprise a first group of nanostructures and a 
second group of nanostructures, the first group of nanostruc 
tures having a first lateral spacing period, the second group of 
nanostructures having a second lateral spacing period that is 
different from the first lateral spacing period. 
18. The apparatus of claim 11, comprising a first electrode 
and a second electrode to receive a bias Voltage, the first and 
second electrodes being coupled to the substrate to provide 
the bias voltage to the substrate. 
19. The apparatus of claim 11 in which the nanostructures 
have shapes configured to selectively capture a predeter 
mined type of objects. 
20. The apparatus of claim 11 in which the nanostructures 
are treated to have functional attachments that are configured 
to selectively capture a predetermined type of objects. 
21. The apparatus of claim 20 in which the functional 
attachments comprise peptides. 
22. A system for measuring a mass of an object, compris 
ing: 
a mass sensor comprising: 
a Substrate; and 
a plurality of nanostructures attached to the Substrate; 
an analyzer to determine a mechanical-electromagnetic 
resonant frequency of the mass sensor; and 
a data processor to determine a mass of an object attached 
to the nano structures based on a difference between a 
first mechanical-electromagnetic resonant frequency of 
the mass sensor measured before the object is attached to 
the nano structures and a second mechanical-electro 
magnetic resonant frequency of the mass sensor mea 
Sured after the object is attached to the nano structures, 
the nano structures and the Substrate having a mechani 
cal-electromagnetic resonant frequency Such that a reso 
nance occurs when the nano structures and the Substrate 
are irradiated by an electromagnetic wave having a fre 
quency Substantially equal to the mechanical-electro 
magnetic resonant frequency. 
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23. The system of claim 22 in which the nanostructures 
comprise at least one of nanocoil structures or chiral nano 
Structures. 
24. The system of claim 22 in which the nanostructures 
comprise metal, and the Substrate comprises a semiconductor. 
25. The system of claim 22 in which the analyzer comprises 
an ellipsometer. 
26. The system of claim 22, comprising a Voltage source to 
provide a bias Voltage to the Substrate, and a controller to 
control the Voltage source to adjust the bias Voltage to change 
the mechanical-electromagnetic resonant frequency of the 
a SSSSO. 
27. The system of claim 26 in which the nanostructures and 
the Substrate have dimensions and materials configured Such 
that a mechanical eigenresonance of the nanostructures 
couples with an electromagnetic eigenresonance of the mass 
sensor, and the coupled mechanical-electromagnetic reso 
nant frequency matches a frequency range of the analyzer, 
which uses electromagnetic waves to determine the mechani 
cal-electromagnetic eigenresonance of the mass sensor. 
28. The system of claim 22, comprising a storage to store 
information representing a mapping between changes in the 
mechanical-electromagnetic resonant frequency and mass. 
29. The system of claim 22 in which the nano structures 
have shapes configured to selectively capture a predeter 
mined type of objects. 
30. The system of claim 22 in which the nano structures are 
treated to have functional attachments that are configured to 
selectively capture a predetermined type of objects. 
31. The system of claim 22 in which the plurality of nano 
structures comprise a first group of nanostructures and a 
second group of nanostructures, the first group of nanostruc 
tures having a first lateral spacing period, the second group of 
nanostructures having a second lateral spacing period that is 
different from the first lateral spacing period. 
32. The system of claim 31 in which the mass of the object 
is determined based on a first difference in mechanical-elec 
tromagnetic resonant frequencies in a first region of the mass 
sensor having the first group of nanostructures and a second 
difference in mechanical-electromagnetic resonant frequen 
cies in a second region of the mass sensor having the second 
group of nanostructures. 
33. A method of determining a mass of a particle, the 
method comprising: 
providing a mass sensor having a plurality of nanostruc 
tures on a Substrate; 
irradiating the plurality of nanostructures and the Substrate 
with an electromagnetic wave to determine a first 
mechanical-electromagnetic resonant frequency of the 
maSS Sensor, 
attaching a particle to the nanostructures; 
irradiating the Substrate and the plurality of nanostructures 
to which the particle is attached with an electromagnetic 
wave to determine a second mechanical-electromag 
netic resonant frequency of the mass sensor; and 
determining a mass of the particle based on a difference 
between the first and second mechanical-electromag 
netic resonant frequencies; 
wherein the nanostructures and the substrate have dimen 
sions and materials configured Such that the mechanical 
electromagnetic resonant frequency of the mass sensor 
is in a range from 0.1 to 20.5 terahertz, the mechanical 
electromagnetic resonant frequency being adjustable 
depending on a bias Voltage applied to the Substrate. 
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34. A method of determining a mass of a particle, the 
method comprising: 
providing a mass sensor having a plurality of nanostruc 
tures on a Substrate; 
irradiating the plurality of nanostructures and the Substrate 
with an electromagnetic wave to determine a first 
mechanical-electromagnetic resonant frequency of the 
maSS Sensor, 
attaching a particle to the nanostructures; 
irradiating the Substrate and the plurality of nanostructures 
to which the particle is attached with an electromagnetic 
wave to determine a second mechanical-electromag 
netic resonant frequency of the mass sensor; and 
determining a mass of the particle based on a difference 
between the first and second mechanical-electromag 
netic resonant frequencies; 
wherein the plurality of nanostructures comprise a first 
group of nanostructures and a second group of nano 
structures, the first group of nanostructures having a first 
lateral spacing period, the second group of nanostruc 
tures having a second lateral spacing period that is dif 
ferent from the first lateral spacing period. 
35. A method of determining a mass of a particle, the 
method comprising: 
providing a mass sensor having a plurality of nanostruc 
tures on a Substrate; 
irradiating the plurality of nanostructures and the Substrate 
with an electromagnetic wave to determine a first 
mechanical-electromagnetic resonant frequency of the 
maSS Sensor, 
attaching a particle to the nanostructures; 
irradiating the substrate and the plurality of nanostructures 
to which the particle is attached with an electromagnetic 
wave to determine a second mechanical-electromag 
netic resonant frequency of the mass sensor; and 
determining a mass of the particle based on a difference 
between the first and second mechanical-electromag 
netic resonant frequencies; 
wherein the nanostructures are treated to have functional 
attachments that are configured to selectively capture a 
predetermined type of objects. 
36. A system for measuring a mass of an object, compris 
ing: 
a mass sensor comprising: 
a Substrate; and 
a plurality of nanostructures attached to the Substrate; 
an analyzer to determine a mechanical-electromagnetic 
resonant frequency of the mass sensor; and 
a data processor to determine a mass of an object attached 
to the nano structures based on a difference between a 
first mechanical-electromagnetic resonant frequency of 
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the mass sensor measured before the object is attached to 
the nano structures and a second mechanical-electro 
magnetic resonant frequency of the mass sensor mea 
sured after the object is attached to the nano structures: 
wherein the nanostructures and the substrate have dimen 
sions and materials configured Such that the mechanical 
electromagnetic resonant frequency of the mass sensor 
is in a range from 0.1 to 20.5 terahertz, the mechanical 
electromagnetic resonant frequency being adjustable 
depending on a bias Voltage applied to the Substrate. 
37. A system for measuring a mass of an object, compris 
1ng: 
a mass sensor comprising: 
a Substrate; and 
a plurality of nanostructures attached to the Substrate; 
an analyzer to determine a mechanical-electromagnetic 
resonant frequency of the mass sensor; and 
a data processor to determine a mass of an object attached 
to the nano structures based on a difference between a 
first mechanical-electromagnetic resonant frequency of 
the mass sensor measured before the object is attached to 
the nano structures and a second mechanical-electro 
magnetic resonant frequency of the mass sensor mea 
sured after the object is attached to the nano structures: 
wherein the plurality of nanostructures comprise a first 
group of nanostructures and a second group of nano 
structures, the first group of nanostructures having a first 
lateral spacing period, the second group of nanostruc 
tures having a second lateral spacing period that is dif 
ferent from the first lateral spacing period. 
38. A system for measuring a mass of an object, compris 
1ng: 
a mass sensor comprising: 
a Substrate; and 
a plurality of nanostructures attached to the Substrate; 
an analyzer to determine a mechanical-electromagnetic 
resonant frequency of the mass sensor; and 
a data processor to determine a mass of an object attached 
to the nano structures based on a difference between a 
first mechanical-electromagnetic resonant frequency of 
the mass sensor measured before the object is attached to 
the nano structures and a second mechanical-electro 
magnetic resonant frequency of the mass sensor mea 
sured after the object is attached to the nano structures: 
wherein the nanostructures are treated to have functional 
attachments that are configured to selectively capture a 
predetermined type of objects. 
k k k k k 
